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Abstract

A charged polymer jet may be accelerated and stretched by an external electric field, and this process is relevant
to electrospinning for making nanofibers. The stretching of an electrified jet is governed by the interplay among
electrostatics, fluid mechanics and rheology, and the role of viscoelasticity has not been systematically explored
before. This paper presents a slender-body theory for the stretching of a straight charged jet of Giesekus fluid.
Results show strain-hardening as the most influential rheological property. It causes the tensile force to rise at the
start, which enhances stretching of the jet. Further downstream, however, the higher elongational viscosity tends
to suppress jet stretching. In the end, strain-hardening leads to thicker fibers. This confirms the main result of a
previous study using empirical rheological models. The behavior of the electrically driven jet forms an interesting
contrast to that in conventional fiber spinning.
© 2003 Published by Elsevier B.V.
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1. Introduction

The idea of using an electric field to spin fibers from a charged polymer melt or solution was conceived
in the 1930s. Electrospinning, as the process is called, has seen a dramatic revival of interest in recent
years because of its potential to produce ultra-fine nanofibers with sub-micrometer didfjefdrsugh
easily realizable in the laboratory, electrospinning is a complex phenomenon to analyze because of the
coupling between the electric field and the deformation of the fluid, the latter in turn determined by the
rheology of the material. Typically, electrospinning has two stages. In the first, the polymer jet issues
from a nozzle and thins steadily and smoothly downstream. In the second stage, the thin thread becomes
unstable to a non-axisymmetric instability and spirals violently in large loops. For stage one, Hohman et al.
[2] presented a slender-body theory for Newtonian fluids. Spivak and Di@gmgroduced a power-law
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viscosity. Reneker et g4] modeled the viscoelasticity of the jet by a linear Maxwell equation. For stage
two, Hohman et al[2] and Reneker and coworke$, 5] developed instability theories for Newtonian

and linear Maxwell fluids, respectively. None of these theories accounted for the nonlinear viscoelasticity
that undoubtedly arises during large-strain stretching of the polymer.

In an attempt to understand the role of rheology, H&hintroduced empirical models for the elonga-
tional viscosity into the slender-body theory[8f for the steady stretching in stage one. Two special cases
were considered. The first is the small-Deborah-number limit where the polymer molecules equilibrate
instantaneously with respect to the local strain rate. Then the rheology reduces to a generalized Newtonial
elongational viscosity that may include both extension-thinning and thickening. In the second case, an
empirical expression for a strain-dependent Trouton ratio is used to incorporate strain-hardening:

2
nt exp{p [1 — cos(y—znﬂ} if v <ys
y = Vs (1)
s exp2p) ify > ys,

wherers is the viscosity of a Newtonian solvent; is the strain at which a steady-state extensional
viscosity is attained, and the paramepedetermines the steady-state Trouton ratio. Inspired by the data

of Tirtaatmadja and Sridhdi7] for dilute Boger fluids, this equation is a crude representation of the
memory effect and does not reflect certain aspects of the rheology of concentrated solutions and melts
For instance, the strain rate is not included explicitly, and hence no account is taken of the Deborah
number. In real polymer melt§;" depends not only on the accumulated straiput also on the strain

rate or Deborah number. The latter determines the point of onset and the magnitude of strain-hardeninc
(8], pp- 134-136). The rationale for the empirical approacfjrwas to treat the viscous and elastic
aspects of the rheology separately so as to simplify the calculation and data analysis.

In this paper, we advance a more rational approach by incorporating the Giesekus constitutive equatior
into the slender-body theory. The choice of the Giesekus model is based on two considerations. First,
it is molecularly-based rather than phenomenological; it models packed polymer chains experiencing
anisotropic Brownian and viscous ford@€$. Second and more importantly, the Giesekus model strikes a
good balance between simplicity and satisfactory prediction for elongational rheology. Khan and Larson
[10] compared the predictions of various models with measurements on a linear HDPE melt for step
shear, startup of uniaxial elongation and step biaxial extension. Tirtaatmadja and $titlhaench-
marked an array of models using startup of elongation for Boger fluids. Both studies have reached similar
conclusions. Quasi-linear models such as the upper-convected Maxwell, Oldroyd-B and White—Metzner
models predict unbounded growth of the elongational viscosity while the measurements show a plateau a
large strains. The Giesekus model, arguably the simplest non-linear extension of the quasi-linear models
correctly predicts the plateau, and “can describe the shear damping function and elongational viscosity
of an unbranched melt, such as HDPE, quite accuraf@l§]. Its disadvantage, as compared with the
more sophisticated Larson and Phan-Thien—Tanner models, is in underpredicting the strain softening
in the biaxial damping function. Fortunately, this is of little concern in our context. One caveat is that
electrospinning may incur exceedingly high strain rates1(® s™1; see parameter values $ection 3,
at which little is known of the performance of any of the constitutive equations.

Asin[6], this paper is limited to the steady thinning of a straight electrified jet, relevant only to stage one
of electrospinning. For convenience, however, we refer to this process simply as electrospinning for the
rest of the paper. In a real electrospinning experiment, stage two is probably more significant in reducing
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the fiber diameter to nanometer scale. Nonetheless, the process studied here is important in that it not only
contributes directly to the thinning of the fiber, but also establishes the conditions for the onset of stage two.

2. Formulation of the problem

We consider a downward polymer jet in an electric fidkig( 1). The deformation of the fluid is
determined by a balance among the electrostatic forces, gravity, surface tension, viscoelastic force and
inertia. We assume that the fluid is a leaky dielectric with charges only on the sfirjcinat the process
is steady in an Eulerian sense, and that the slope of the jet surface is small. Then a 1D slender-body model
can be established based on mass conservation, momentum and electric charge balance, and Coulomb’
law. All variables are assumed to be uniform on the cross-section of the jet, and to vary onlyalong
whose origin is at the nozzle.

In experiments, the slope of the jet surface can be fairly large near the fidjzzlis posing a difficulty
fora 1D model. On the other hand, 1D models have been applied to numerous problems where the gradient
along the axial direction may not be small at all locations. Examples include the detachment of a Newto-
nian drop from an orificEL 3], breakup of a Newtonian liquid bridg#4] and the die-swell of a viscoelastic
fluid in conventional fiber spinninfd.5]. In these cases, the 1D models have been confirmed, by 2D com-
putations or experiments, to give accurate predictions beyond their expected range of appli6htiy
electrospinning, such validation is not yet available. A plausible treatmentis to attach a 1D jet to a 2D Tay-
lor cone[16,17] Unfortunately, this leads to a voltage-independent “universal current” that does not agree
with electrospinning experimeni]. Without carrying out a 2D simulation of jet initiation, we will apply
the slender-body theory upstream to the nozzle, as has been done in previous electrospinnirig &dels

2.1. Governing equations

The governing equations for jet radi& axial velocityv, axial electric fieldE and surface charge
densityo have been derived i2,6]:

TR?*v = Q, 2)
+ +
—
z
E
Ew
T

Fig. 1. Schematic of the setup for electrospinning.



58 J.J. Feng/J. Non-Newtonian Fluid Mech. 116 (2003) 55-70

TR?KE + 2nRvo = I, (3)
, T yR' oo’ e, 20FE
pvv=pg+m+R2+ = +(e—e)EE+T, 4)
R /!
E=Eoo—lnx[(o_) —g(ERZ)”], (5)
€

whereQ is the constant volume flow rat&, the conductivity of the liquid/ the constant total current
in the jet andp the fluid densityT is the tensile force in the je; is the surface tension ardande are
the dielectric constants of the jet and the ambient air, respectivglys the externally imposed constant
field, andy is the “aspect ratio” of the jetflength L/initial radius Rg), and8 = ¢/€ — 1. The prime
indicates derivatives with respectio

The tensile forcd” = 7R?(t, — 1) is related to the strain rate via a constitutive equation, for which
we use the Giesekus mod8|9]:

T=1p+ns(Vv+ VvT), (6)
» T

Tp + ATp) + an—'tp ~Tp=np(Vu+ Vo)), (7)
P

where the subscript (1) denotes the upper convected derivaiséie mobility factor) is the relaxation

time, andyns andn, are viscosities due to the solvent and the polymer, respectively. For the non-uniform
uniaxial extension considered here (E&ep. 382 for the strain-rate tensoEyq. (7)reduces to two scalar
eqguations for the polymer normal stress components:

, A
Tprr + )\,(UTF/)” + v Tprr) + an_fsrr = —npvl’ (8)
p

A
Tpzz + )\(vr;)zz — 2V tp) + an—rszz = 2npv’. 9)
p

Now Egs. (2)—(5), (8) and (%etermine the six unknown functio®(z), v(z), E(z), o(z), tprr(z) and
Tpz(2). Note thatQ and/ have to be input as parameters. In an electrospinning experiment, the control
parameter is typically the external fiekd,,, which determineg) and for a particular experimental
device. Having to specif@ and’ independently is a trade-off for neglecting details of the experimental
setup, which may have strong effects on the dynamics of tHg]jet

If we scaleR(z), v(z), E(z), 0(2), tprr(z) andrpz(z), respectively, byRq (the radius at the origin of
the jet just outside the nozzle)y = Q/(nRg), Eq = I/(er%K), o9 = €Eg andtg = novo/Ro With
no = ns + np, and scale by Ry, the governing equations can be made dimensionless (we use the same
symbols for brevity):

R%v =1, (10)
ER? + PeRvo = 1, (11)
1 31-rp)R%Y 1T, 1FR 2Eo
== — Py~ 4 ¢&|o0’ + BEE + =), 12
WEET TR R TRerZ T werz T\ TAEEF TR (12)
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E=Es— In x[(oR) — 3B(ER?)"], (13)
/ / De 2 /
Tprr + De(vty, + v'tpr) + ar— Torr = — TV, (14)
n
/ ! De 2 /
Tz + De(vty, — 2V tpz) + a—1p, = 2ry0), (15)
I

n

whereT, = R2N; = Rz(rpzz — 1prr) IS the dimensionless tensile force due to the polymerZéns the
first normal stress difference of the polymer. The dimensionless groups are:

oz
Pe = <€t (electric Peclet numbgr
KRo
2
Fr = —2 (Froude number
gRo
R
Re= PYoTto (Reynolds number
o
pv3Ro
We= """ (Weber number,
14
g o
= —,
Py
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€

L .
x = — (aspectratip
Ro

A
De = % (Deborah number
0

ry = s (viscosity ratig.

no

2.2. Boundary conditions

Eliminatingv ando amongegs. (10)—(15)we obtain two second-order ordinary differential equations
(ODEs) forr andE and two first-order ODESs for the polymer stress components. Six boundary conditions
are required. At the lower end of the jet, the asymptotic scalting z /4 prevails. This was first derived
by Kirichenko et al[18] for an inviscid jet, but can be easily shown to hold for viscous and viscoelastic
fluids as well. As; — oo, R — 0. Egs. (10) and (11imply v = R~? ando ~ (Rv)™* ~ R — 0.

Thus, the electric field becomes unifoln= E, from Eq. (13) and of the three terms of electrostatic
forces inEq. (12) only 2Eo/R ~ E., remains finite. The solvent and polymer tensile force terms and
the surface tension term all vanish (to be confirmed a posteriori), while gravity remains finite. Thus, the
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Fig. 2. Effects of the stress boundary condition on (A) jet radit9 and (B) normal stress differendé (z) = tpz(z) — tpr (2)-
For curves a, b and @, (0) = —0.13, —0.20 and—0.33 with 7,,(0) /75 (0) = —2. Curve N corresponds to the Newtonian
condition inEgs. (20) and (21)
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inertia on the left-hand-side has to be finite alsd: = —2R~°R’ = O(1), which leads to the scaling
R ~ z~%4 Now we can verify that the constitutive equations revert to Newtonian sineez /2 — 0.
Then the tensile force terms scalezag’? and the surface tension as®4, both negligible as compared
to the finite gravity and tangential electric force. Thus, we have the following exit conditians at

R+ 4zR =0, (16)
E=E.. (17)

As is usually the case with 1D models, the upstream boundary condition is a delicate issue. Following
previous work[13,15], we use conditions at the nozzle as entrance conditions for the 1D model even
though|R’| may not be small there:

R(0) = 1. (18)

An issue specific to electrospinning is the upstream condii@). Feng[6] showed that the influence
of E(0) is limited to a tiny layer below the nozzle whose thickness is a few perceRd.afhus, E(0) is
assigned some valug, so as to avoid a sharp gradient inside the layer:

E(0) = Eo. (19)

This phenomenology compensates for not accounting for the upstream charges whictEd@fiime
reality. In the same veiny, (0) andr,,,(0) are determined by the upstream deformation history. Previous
work on conventional fiber spinning has either specified the stress at the spjife26]or postulated a
deformation history21]. We assume that the shear inside the nozzle is ineffective in stretching polymer
molecules as compared with the elongation downstream, such that the sires8 & purely Newtonian:

/

Tprr = —I"nv/ = ZFUF, (20)
szz - _2Tprr. (21)

Numerical experiments show that the prediction of the model is rather insensitive to the stress boundary
conditions. As an examplésig. 2 compares results computed using various values,ef0) while
keepingr,»(0) = —21(0). The influence of the initial stress is limited to roughly a distance @10
downstream. In particular, the final fiber radius is little affected. This is reminiscent of conventional
fiber spinning wherey,, quickly drops toward zero downstream regardless of its initial vEl@g Also
notable is that a(0) that is too large or too small causes under- or overshoots in the profiles, and the
“Newtonian conditions” Egs. (20) and (2))apparently give the most reasonable results.

The six coupled ODEs are discretized on a non-uniform grid, with denser nodes near the nozzle to
resolve the larger gradients, and solved using a relaxation mgBadConvergence with grid size has
been confirmed by grid refinement.

3. Numerical results

It is useful to review briefly the rheological predictions of the Giesekus modelxFer0, a steady
state is always achieved in uniaxial elongation, with an elongational viscosity that increases with the
extension rate (extension-thickenirjg). Fig. 3plots the transient elongational viscosity after startup
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Fig. 3. Transient elongational viscosity of a Giesekus fluid after startup of uniaxial extension. The Henckystéajrandy*
is made dimensionless hy: (a) effects of varyingr with é» = 10 andr,, = 0.9; (b) effects of varyingA with « = 0.1 and
r, = 0.9.
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of a uniaxial extension at a constant ratEor a smallx and/or alargéx, " rises steeply as the molecules
transform from a coiled to a stretched state. This behavior, known as strain-hardening, is typical of polymer
solutions and melt8]. As« increases, the degree of strain-hardening decreases although it onsets at more
or less the same Hencky strakfid. 3(a). This behavior has been reproduced by the empiEga(1)with
a decreasing (cf. Fig. 13 of[6]). Fig. 3(b) on the other hand, represents new rheology not contained in
Eg. (1) With increasing extension ratenot only is the viscosity plateau elevated (extension-thickening),
but the onset of strain-hardening occurs at earlier times. The former occurs in reality at spraaileis
followed by extension-thinning at highé[23]. The latter is a hallmark of nonlinear viscoelasticity, true
of all published measurements of melts and concentrated sol(itior&.

Fig. 4 shows a typical solution for the following parameter values= 0.01, De = 10,r, = 0.9,
x = 600,8 = 40,Re = 25 x 103, We = 0.1,Fr = 0.1,Pe = 0.1, = 1 andE,, = 0.1. The
same qualitative features prevail over wide ranges of the parameters. Accoréigg4¢a) most of the
thinning of the jet occurs at the nozzl&’| is maximum atz = O and relaxes gradually toward zero
downstream. In factR’'(z = 0) = —0.23 appears to violate the precondition for a slender-body theory:
|R'| « 1. Yet, slender-body models have performed remarkably well in problems with much greater
axial gradientg§13,14]. Both E ando rise at the beginning, reach their respective peaks and then relax
downstream. The maximutfi occurs very close to the nozzle and is shown in the inséign4(b) The
key to understand these features is to realize that they are interconnected. At the nozzle, the shrinking
cross-section area reduces the amount of charges that can be conducted. Charge conservation demanc
a higher rate of convection and hence a rising surface charge densitye charges then lead to an
increase in the axial field. As the jet becomes thinner further downstream, the increasing jet speed
reducesr and brings about the decline iR’| and E as well. For these parameters, the tensile fdice
decreases monotonically along the fildeig( 4(c), as is characteristic of the regime of “mild stretching”.
FromEq. (12) thereforeI" acts to resist the acceleration and extension of the fiber. For shorter and more
conducting jets, “severe stretching” may occur in whith) has a humped shape. Detailed discussion
of these two regimes is given by Feftj.

The electrically driven stretching of the jet forms an interesting contrast to the mechanical stretching
in conventional fiber spinning. First, there is no die swell in electrospinning. Not having accounted for
the detailed deformation history upstream, our 1D model of course precludes die swell a priori. But
even electrospinning experiments do not show die swell; instead a Taylor cone forms at the nozzle with
rapid and monotonic thinning of the jg4]. Indeed, this difference is partly responsible for the much
thinner fibers produced by electrospinning. If we take die swell to be a manifestation of the recoil of
extended molecules upon exiting the spinng28t, then it is easily understood how electrostatic forces,
acting mostly on the free surface, continue to stress the jet and thus inhibit the elastic recovery. Another
fundamental difference between conventional fiber spinning and electrospinning is that the former applies
the “pulling force” locally at the wind-up spool while the latter exerts a distributed force. Thus, in the
former the total tensile forcg remains more or less constant throughout the i@}, while it generally
decreases alongin the latter Fig. 4(c). In conventional fiber spinning, therefore, the normal stress
differenceN; increases monotonically downstream as the fiber becomes thinner. In electrospinning, on
the other handpN; typically has a humped shape. The effect of thisR(@) is evident inFig. 4(a)
where we have replotted the 1D calculations of Fisher and D20hof conventional fiber spinning
using a White-Metzner model, as well as experimental data for isothermal spinning of polystyrene. When
electrically driven, the thinning of the fiber occurs mostly at the nozzle. In conventional spinning, on the
other hand, the rate of thinning is sustained over the entire length of the fiber.
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Fig. 4. Typical profiles predicted by the 1D theory for ®&) (b) E ando; (c) T. The parameters are: = 0.01, De = 10,

r, = 0.9, x = 600,8 = 40,Re = 2.5x 103, We=0.1,Fr =0.1,Pe=0.1,£ = 1andE,, = 0.1. TheR(z) profile is compared
with experimental data (circles) and calculations for conventional fiber spif2@jgwhich used the White—Metzner model at
a draw ratio of 5.85 and two Deborah numbers.
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Fig. 4. Continued).

To elucidate the role of rheology in our 1D theory, we examine the effects of the parameters in the
Giesekus modelky, De andr,. Fig. 5 compares the thinning curve®(z) and polymer tensile force
profile Tx(z) for several values ok. With increasingx, the thinning of the jet is suppressed initially,
within roughly 3R, from the nozzle (see inset kig. 5(a). Further downstream, the trend is reversed and
eventually thinner fibers are produced for largerf his behavior is caused by strain-hardening, and can be
explained via the polymer tensile forgg (Fig. 5(b)). Referring taFig. 3(a) smallerx gives rise to greater
strain-hardening. Far = 0.01, this effectis so strong as to overcome the shrinking cross-section area and
produce an initial rise ifT,, which, throughEq. (12) promotes stretching and thinning at the beginning
of the jet. This effect contradicts our intuition that the more viscous the fluid is, the less it will stretch.
The key to this “paradox” is the difference illustratedHiy. 4(a) The role of7,(z) in electrospinning is
dictated by the distributive nature of the electrostatic force, while the above intuition derives from more
familiar situations of mechanical stretching.

Further downstreanT;, has to decrease owing again to the distributive nature of the electrostatic force.
Now the elevated elongational viscosity for smaliemplies a steeper decline if, which suppresses
stretching of the jet as is evidenthig. 5(a) Notably, the trend ifrig. 5is the same as previously predicted
[6] using the empirical Trouton ratio &q. (1)fitted to filament stretching experiments of Tirtaatmadja
and Sridhaf7]. This is not surprising since, as mentioned in relatidfitp 3(a) the empirical constitutive
equation has embodied strain-hardening, albeit in an ad hoc fashion.

The effect of increasinBeis to enhance stretching at the beginning and suppress it further downstream
(Fig. 6). This is a direct consequencekif). 3(b)which shows earlier onset of strain-hardening at higher
De. One should be cautious, however, since the nominal Deborah nideben.vy/ Ry does not reflect
the local rate of extensionl, andFig. 6 does not correspond to a startup of elongation at a constant
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Fig. 5. Predictions of the 1D theory for three values:n0.01, 0.1 and 0.5 with other parameters fixed at thod&@f4: (a) jet
radiusR(z); (b) polymer tensile forc},(z). The insets show details near the nozzle.
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Fig. 6. R(z) profiles forDe = 1, 5 and 10 with other parameters fixed at thosEigf 4.

Inspection ofv'(z) profiles shows that a high&e indeed corresponds to a largéiin the first few radii
of the jet. As a resultij™ initially grows more rapidly withz for largerDe, and that explains the effect
in Fig. 6. Because the extension never attains steady state in a Lagrangian sense, it is not possible to
positively identify the role of extension-thickening kig. 6. In the latter half of the jet where varies
relatively slowly, extension-thickening probably has contributed to arresting jet stretching forDaeger
One may note the resemblance between decreasim§rig. 5(a)and increasingpein Fig. 6. However,
the latter stems from a distinct rheological effect {€fy. 3(b) not included in the empiricdtq. (1)

Finally, Fig. 7 illustrates the effect of the solvent by varyingwhile keeping the total viscosityo
fixed. Since a larger, implies more polymer contribution to the stress, the effect of strain-hardening is
more pronounced: stretching is intensified initially but suppressed downstream.

4. Comparison with experiment

The thinning curveR(z) is relatively easy to measure in the laboratory, but comparison between model
prediction and measurement is hampered to some degree by the fact that no single study has reportec
all the material and operating parameterskig. 8 we have chosen to compare the predicted jet radius
R(z) with the measurement of Doshi and Renel@&] for a 4% PEO solution. Doshi and Renek28]
give three parameters: the electric fiel( = 40kV m1), the nozzle radiusKy = 45um) and the
length of the straight jetZ{ = 30 mm). The density and dielectric constant are found in Hohman et al.

[2]: p = 1.2 x 10°kgm~3, ¢/e = 42.7. Fong et al[27] have provided additional material properties
for a 4% PEO solution: viscosity, = 12.5P; surface tensiop = 76.6dyncnt?, and conductivity
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Fig. 7. R(z) profiles forr, = 0.2, 0.5 and 0.9 with other parameters fixed at thodeigf 4.

700

Fig. 8. Comparison of our model predictions with the experimental data of Doshi and RE&jker a 4% PEO solution. The
theoretical curves a, b and ¢ correspond to flow rgtes 10, 20 and 2%l min~. Other parameters are given in the text.
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K = 4.902x 10°3Q~tm~L. The solvent viscosity igs = 1072 poise for water. The relaxation time
of concentrated solutions and melts ranges from 1 s to hundreds of sef28ldp. 342—345), and we
have assumer = 10 s. Since the strain-rate is exceedingly highjs easily in the thousands. Thus, the
polymer stretches elastically and the exact valuBefor 1) has little effect on the model prediction.
We have chosen = 0.01 since it produces strain-hardening of roughly two orders of magnitude (cf.
Fig. 3(a), comparable to data for concentrated solutions and rj&ilts

As for operating parameters, Fong and Rengk&rhave plotted andQ as functions of the applied field
for a 2.44% PEO solution in the following ranges: QA < I < 6pA, 10pimin™! < 0 < 80pImin~t.
The electric field used by Doshi and Renef@8] corresponds td = 0.12pA, O = 10uImin~?. For
these parameters, our model overpredicts the thinning of the jet (cur¥ga B). Increasing the flow rate
0 to 20 or 25u min~! shifts the prediction closer to experimental data (curves b and c). A more rigorous
test of the model is not possible since t@eand I values in[29] are for a 2.44% solution while the
measuredR(z) is for a 4% solution. Nonetheless, the data being enveloped by model predictions over a
reasonable range @f lends some confidence to the model in qualitative terms. In addition, Hohman et al.
[2] have shown that details of the experimental setup, such as the protrusion of the nozzle, can influence
the jet greatly. Such features are not explicitly accounted for in our model, but are implicitly incorporated,
to some degree, via the paramet&i®), 0 and/. We have found no systematic measurements of the
effects of rheological parameters on electrospinning to validate model predictibitgsirb—7

In summary, we have incorporated the Giesekus model into a 1D slender-body theory and examined
the role of nonlinear rheology in the stretching of an electrically charge jet. Strain-hardening promotes jet
thinning at the beginning but suppresses it further downstream to produce thicker fibers. This prediction of
the Giesekus model confirms that of the empirical model employgd.im addition, the Giesekus model
also predicts earlier onset of strain-hardening at higher strain rate. Though definitive comparison with
experiments cannot be made, the theory appears to predict jet thinning on the right order of magnitude.
The behavior of the jet forms an interesting contrast to its counterpart in conventional fiber spinning.
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